Angiogenesis has an important function in the prolife ration and metastasis of hepatocellular carcinoma (HCC) under a hypoxic tumor microenvironment. Activated hepatic stellate cells (HSCs) infiltrate the stroma of liver tumors and potently increase angiogenesis through tumor-stromal interactions, however, the exact mechanism by which this occurs is unknown. The present study aimed to investigate the paracrine effects of HCC-derived platelet-derived growth factor-BB (PDGF-BB) on HSCs under hypoxic conditions. It was demonstrated that PDGF-BB expression was markedly increased in HepG2 cells exposed to hypoxia. Conditioned medium (CM) from HepG2 cells stimulated LX-2 cell proliferation, migration and vascular endothelial growth factor-A (VEGF-A) expression. It was then determined that blocking PDGF-BB expression in HepG2-CM abo lished these effects on LX-2 cells. The ectopic expression of PDGF-BB in HepG2 cells strongly affected LX-2 cell proliferation, migration and VEGF-A expression. In conclusion, the present study suggests that hypoxia-induced PDGF-BB secretion by HCC cells stimulates HSCs to accumulate and proliferate in the tumor stroma and the enhanced VEGF-A expression in HSCs may promote HCC angiogenesis.
Introduction
Primary hepatocellular carcinoma (HCC) is a common malignant tumor and a significant public health concern worldwide (1) . Despite the availability of numerous treatment options for patients with HCC, a high rate of recurrence and metastasis results in a low five-year survival rate for this fatal disease (2) . There is therefore an urgent requirement to advance our understanding of the mechanisms underlying HCC recurrence and metastasis in order to improve the efficacy of the current treatment strategies. HCC is similar to numerous tumors, has a rich blood supply. HCC relies on the formation of blood vessels for growth and metastasis (3) . Although HCC is a highly angiogenic cancer, it is characterized by hypoxia due to its rapid growth rate and numerous hypovascular areas (4) . HCC cells are frequently under hypoxic conditions and recent evidence suggests that hypoxia is crucially involved in tumor progression and angiogenesis. The formation of new vessels in the tumor is controlled simultaneously by proand anti-angiogenic factors. The most prominent of several pro-angiogenic factors is vascular endothelial growth factor (VEGF) (5) . The upregulation of VEGF expression in tumor tissues has been reported to be associated with poor prognosis in several cancers, including HCC (6) .
Previous studies have provided strong evidence that the interaction between tumor cells and their microenvironment, consisting of stromal cells and the extracellular matrix (ECM), contributes to cancer progression (7, 8) . In the majority of tumors, an abnormal network of stromal cells, growth factors, cytokines and chemokines is critical for the induction of angiogenesis (9, 10) . The cancer hypoxic microenvironment creates a suitable condition for neo-vascularization by enhancing the expression of pro-angiogenic factors and reducing that of anti-angiogenic factors (3, 11) . In HCC, VEGF has been reported to be produced by both HCC and stromal cells (10) .
The majority of patients with HCC have a history of chronic liver disease, and the presence of liver cirrhosis is closely associated with the development of HCC (12) . Activation of hepatic stellate cells (HSCs) is a fundamental step in the development of liver fibrosis and ultimately cirrhosis (13) . In addition to these actions, previous studies have indicated that activated HSCs infiltrate the liver tumor stroma and become one of the most prominent stromal cell types in the liver tumor environment (14, 15) . Clinical evidence has revealed that the presence of peritumoral HSCs correlates with the recurrence of HCC (16) . Although some data have suggested an important contribution of HSCs to HCC proliferation and metastasis, the exact molecular interactions that occur between these two cell types are unknown. It has been reported that activated HSCs can interact with HCC cells in a paracrine manner (17, 18) . In the process of liver fibrosis and portal hypertension, activated HSCs have been reported to synthesize pro-angiogenic factors, including VEGF, angiopoietin-1 and several metalloproteinases (19) . In experimentally induced liver metastases, activated HSCs have been shown to be pro-angiogenic during the progression of liver cancer (20) . These studies suggest that HSCs may contribute to the angiogenic requirement of HCC proliferation and metastasis. The molecular mechanisms of this process remain unclear.
Platelet-derived growth factor (PDGF) is a potent mitogen for mesenchymal cells that is synthesized, stored and released by numerous cell types, including tumor cells (21) . PDGF is a dimeric glycoprotein that is composed of two A chains (PDGF-AA), two B chains (PDGF-BB) or a combination of the two (PDGF-AB). Under the hypoxic tumor microenvironment, accumulated evidences indicate that expression of PDGF-BB is elevated in tumor cells and potently stimulates several biological actions in HSCs (22) . In colorectal liver metastasis, tumor cell-derived PDGF-BB promotes tumor growth through a growth-promoting effect on HSCs (23) . PDGF-BB also affects the angiogenic properties of HSCs during liver fibrosis (24) . In liver cancer, however, the function of PDGF-BB in HSCs has not been well characterized.
From these observations, the present study has speculated that HCC-derived factors may influence activated HSCs to regulate angiogenesis under the hypoxic HCC microenvironment. The present study aimed to explore this mechanism through in vitro analysis of the paracrine effects of secreted, HCC-derived PDGF-BB on the proliferation, migration and pro-angiogenic gene expression of HSCs in hypoxia.
Materials and methods
Cell culture. The HepG2 liver cancer cell line was purchased from the Animal Center Laboratory of Sun Yat-sen University (Guangzhou, China). The LX-2 activated hepatic stellate cell line was obtained from the American Type Culture Collection (ATCC, Manassas, VA, US). All cells were routinely cultured in high-glucose Dulbecco's Modified Eagle's Medium (DMEM) (Gibco-BRL, Grand Island, NY, US) supplemented with 10% fetal bovine serum (FBS) (HyClone Laboratories, South Logan, UT, USA) at 37˚C with 5% CO 2 and 95% air in a humidified incubator (25) . The hypoxic stimulation of HepG2 cells was achieved by exposing the cells to 1% O 2 , 5% CO 2 and 94% N 2 in an incubator as previously described (26) . An indirect co-culture of LX-2 and HepG2 cells was assembled using Transwell membranes (24 mm diameter, 0.4 µm pore size; Corning Costar, Acton, MA, USA). A total of ~1x10 4 LX-2 cells were seeded in the lower chamber, and 1x10
3 HepG2 cells were seeded on the membrane insert. The co-cultures were maintained for 72 h.
Collection of conditioned medium (CM).
To prepare the CM, the cells were washed twice with serum-free DMEM one day after being seeded into T75 flasks (1x10 6 cells). The cells were incubated with serum-free DMEM under normoxic conditions for 24 h or under hypoxic conditions for 12 or 24 h. Simultaneously, serum-free DMEM was placed in cell-free culture flasks under the same conditions to serve as a control. For inhibition experiments, CM from HepG2 cells was preincubated with a PDGF-BB neutralizing antibody at a concentration of 5 µg/ml as previously described (27) .
Expression constructs and transfection. The expression construct for full-length human PDGF-BB was generated by cloning a polymerase chain reaction-amplified PDGF-BB cDNA fragment into the pCDH-CMV-MCS-EF1-copGFP lentiviral vector, which allowed for stable transfection. Virus packaging was performed in HEK293T cells following cotransfection of the recombinant lentiviral expression and packaging plasmids (pGag/Pol, pRev and pVSV-G) using Lipofectamine™ 2000 (Invitrogen Life Technologies, Carlsbad, CA, USA). Target cells were infected with the harvested virus for 12 h, and the original medium was replaced with fresh medium. The cells expressing PDGF-EGFP were sorted by flow cytometry. The lentiviral transduction efficiency was analyzed by western blotting.
MTT assay. The proliferation rate of LX-2 cells was measured using an MTT assay. Briefly, LX-2 cells were seeded in 96-well plates at a density of 2x10 4 cells/well. After 24 h, CM was added to the wells, and the plates were incubated at 37˚C for an additional 24 h. MTT (50 µl of 5 mg/ml) was added to the culture, which was then further incubated for 4 h at 37˚C. The optical density was measured at 490 nm using a plate reader.
The absorbance values directly correlated with the number of proliferating cells in the culture.
Migration assay. To determine whether the HepG2 cells attracted the LX-2 cells, a migration assay was performed using Transwell chambers containing polycarbonate filters with 8 µm pores (Corning Costar). The lower compartment contained CM. The LX-2 cells were harvested and resuspended in DMEM without FBS, at a density of 5x10 4 cells/ml and placed in the upper chamber. Following incubation at 37˚C for 24 h, the filters were collected, and the cells that adhered to the lower surface were fixed, stained for 1 h with crystal violet (Sigma, St. Louis, MO, USA) in 2% ethanol and then rinsed in water. The number of cells that migrated across the filters was counted using a Nikon TS100 microscope (Nikon Corporation, Tokyo, Japan) in four high-power fields per insert and average values were calculated. The experiments were performed in triplicate with consistent results.
Western blot analysis. Cells were collected in phosphate-buffered saline (PBS) and lysed on ice for 30 min in radioimmunoprecipitation assay lysis buffer. The protein content in the cell lysates were quantitated using the Bradford reagent. Equal amounts of protein lysate (30 µg) were resolved by 10% SDS-PAGE and electrophoretically transferred onto polyvinylidene fluoride membranes. The membranes were then blocked in 5% nonfat dried milk for 1 h. The blots were probed with the indicated primary antibodies (PDGF-BB, PDGFR-β or VEGF-A) overnight at 4˚C and then with the appropriate horseradish peroxidase-conjugated secondary antibody (1:5,000) for 1 h at room temperature. The blots were developed by enhanced chemiluminescence (Santa Cruz, CA, USA) and exposed to X-ray film. GAPDH was used as a loading control.
ELISA. PDGF-BB is a secreted protein, therefore, the concentration of PDGF-BB in the culture medium was measured to estimate the expression level of PDGF-BB in HepG2 cells. To compare the expression level of PDGF-BB under normoxia and hypoxia, the amount of PDGF-BB in the HepG2 supernatant was analyzed using a commercial ELISA kit (eBioscience, San Diego, CA, USA) according to the manufacturer's instructions.
Statistical analysis. All data are expressed as the mean ± standard error of the mean, from at least three independent experiments. Statistical analyses were performed using the SPSS statistical software for Microsoft Windows, version 13.0 (SPSS, Inc., Chicago, IL, USA). A two-tailed paired Student's t-test and analysis of variance was used to determine significance between the test and the control conditions. A P<0.05 was considered to indicated a statistically significant difference.
Results

Effects of hypoxia on PDGF-BB expression in HepG2 cells.
The basal expression of PDGF-BB in HepG2 cells and the change in expression following exposure to hypoxia was analyzed. HepG2 cells were cultured in an atmosphere containing either 21% oxygen (normoxia) or 1% oxygen (hypoxia) for 12 or 24 h. At the end of the incubation, PDGF-BB expression was assessed by western blotting. As shown in Fig. 1A , there was little PDGF-BB expression in HepG2 cells cultured under normoxia. As compared with normoxia, exposure to hypoxia increased the protein expression of PDGF-BB, and this increase was more robust at 24 h (Fig. 1A ). An ELISA was used to detect the secretion of PDGF-BB by HepG2 cells and the PDGF-BB protein concentrations under normoxic and hypoxic conditions were compared. A low concentration of PDGF-BB was detected in the supernatant of HepG2 cells cultured in normoxia, and this concentration significantly increased after exposure to hypoxia (Fig. 1B) . These results indicated that PDGF-BB is expressed in HCC cells and is secreted to act in a paracrine manner. Furthermore, the data indicated that hypoxia increased the production and secretion of PDGF-BB by HCC cells. (Fig. 2) , indicating that HCC cells induced PDGFR-β expression in activated HSCs. These results suggest that HCC cells affect the biological function of activated HSCs via the paracrine action of PDGF-BB.
PDGFR-β expression in LX-2 cells increases when
HepG2 cells increased the proliferation and migration of LX-2 cells.
To examine the effects of HepG2 cells on LX-2 cell proliferation, LX-2 cells were incubated with CM from HepG2 cells cultured under normoxia or hypoxia. An MTT assay was used to measure the proliferation rate of the LX-2 cells. Compared with control medium, HepG2-CM promoted LX-2 cell growth in vitro. HepG2-CM that was collected after culture in hypoxia had a greater effect on LX-2 cell proliferation at various time points (Fig. 3A) . 
B A
A cell migration assay was used to investigate whether HepG2 cells attracted LX-2 cells. In this experiment, 24-well Transwell plates with 8 µm pores were used. A total of ~1x10 5 LX-2 cells were suspended in serum-free medium and placed in the insert. Control or CM that was freshly obtained from HepG2 cells under normoxia or hypoxia was added to the lower chamber. As compared with the control medium, HepG2-CM significantly stimulated the migration of LX-2 cells. HepG2-CM collected from hypoxic culture conditions had a greater effect on LX-2 cell migration than that collected from normoxic culture conditions (Fig. 3B) .
HepG2-derived PDGF-BB increases LX-2 cell proliferation and migration. Previous studies have suggested that HepG2
cells increase the proliferation and migration of LX-2 cells and that this effect is greater when HepG2 cells are exposed to hypoxia. To investigate whether PDGF-BB was causative of these observations, an HepG2 cell line that stably overexpressed PDGF-BB (HepG2-PDGF) was construced. In addition, a PDGF-BB neutralizing antibody was used to inhibit PDGF-BB protein in the HepG2 supernatant, as a negative control. The MTT and cell migration assays were repeated to determine whether HepG2-derived PDGF-BB affects the proliferation and migration of LX-2 cells. As in the previous experiments, the hypoxic 24 h group was used as the control and the proliferation rate was analyzed at 48 h. The highest PDGF-BB concentration in the HepG2-PDGF supernatant among all of the groups was confirmed by ELISA (data not (Fig. 4A and B) . Together, these data suggest that HCC cells stimulate the proliferation of LX-2 cells in a PDGF-BB-dependent paracrine manner.
Effect of HepG2 cells on VEGF-A expression in LX-2 cells.
Recent studies have suggested that activated HSCs express pro-angiogenic genes that are involved in intrahepatic angiogenesis in chronic hepatic disease. It was investigated whether HepG2 cells could stimulate LX-2 cells to express VEGF-A, the most prominent protein involved in angiogenesis. LX-2 cells were incubated for 48 h with CM collected from HepG2 cells cultured under normoxia or hypoxia. The VEGF-A expression in LX-2 cells was determined by western blotting. As compared with the control group, HepG2-CM stimulated the expression of VEGF-A in the LX-2 cells. CM collected from HepG2 cells under hypoxia robustly increased VEGF-A expression in the LX-2 cells (Fig. 5) . These results suggest that HCC cells stimulate the pro-angiogenic activity of activated HSCs in a paracrine manner.
HepG2-derived PDGF-BB increases VEGF-A expression in LX-2 cells.
It was aimed to determine whether PDGF-BB, secreted by HepG2 cells, was responsible for the upregulation of VEGF-A expression in LX-2 cells. LX-2 cells were incubated for 48 h with CM collected from HepG2-PDGF cells or with HepG2-CM pre-treated with the PDGF-BB neutralizing antibody. The HepG2-CM from cells exposed to hypoxia for 24 h was used as a control. Western blot analysis demonstrated that CM from HepG2-PDGF cells significantly increased the expression of VEGF-A in LX-2 cells as compared with the control. In the presence of the PDGF-BB neutralizing antibody, the HepG2-CM-mediated effect on VEGF-A expression in LX-2 cells was diminished (Fig. 6 ). These results indicated that the PDGF-BB secreted by HCC cells stimulated the pro-angiogenic properties of HSCs.
Discussion
The present study has demonstrated that hypoxia induces HCC cells to secrete PDGF-BB. PDGF-BB derived from HCC cells can mediate the stimulatory and chemoattractant properties of human HCC cells on HSCs and enhance VEGF-A expression in HSCs. VEGF has been reported to be one of the strongest pro-angiogenic factors for tumor angiogenesis (5, 28) . These data expand on previous observations that HSCs accumulate in the microenvironment of hepatic tumors, are associated with tumor angiogenesis (15) and promote tumor proliferation and metastasis. The present study confirmed that the PDGF-BB secreted by HCC cells functions in this process, but additional studies are required to clarify the mechanism.
Tumor progression requires the formation of new blood vessels (4) . The interactions between tumor and stromal cells are important for the abnormal angiogenesis that occurs in tumors, and these interactions are currently under investigation (10) . In the tumor microenvironment, various stromal cells are recruited to and localize within the tumor stroma. The stromal cells and their secreted factors constitute an appropriate microenvironment for tumor angiogenesis (29) . Activated HSCs are an important type of stromal cell in HCC. Numerous studies have reported that HSCs accumulate within HCC nodules in patients with liver cirrhosis (13, 30) . In the present study, CM from HCC cells significantly increased the proliferation and migration of HSCs in vitro. This indicates that HCC cells act in a paracrine manner to attract HSCs and encourage their accumulation within the HCC stroma. Activated HSCs secrete numerous proteins under pathological conditions. These cells have pro-angiogenic properties and interact with endothelial cells that express pro-angiogenic proteins, including VEGF and angiopoietin (19) . It was additionally shown that HCC cells increased the expression of VEGF-A in HSCs in vitro, indicating that HSCs in the HCC stroma may participate in tumor angiogenesis.
PDGF-BB is one of five PDGF isoforms, and is a potent mitogen for mesenchymal cells, such as smooth muscle and glial cells (21) . Following binding of PDGF-BB to PDGFR, downstream signaling is initiated that leads to cell cycle regulation, migration and differential gene expression (21) . PDGFR-β is the highest affinity receptor for PDGF-BB (31) and in the process of liver fibrosis, PDGFR-β has been reported to be a key marker of HSC activation (30) . The present study confirmed that PDGF-BB was expressed in HepG2 cells. The expression of PDGFR-β in LX-2 cells was confirmed, and it was demonstrated that this expression increased when the HSCs were co-cultured together with HCC cells. These results indicate that HCC cells interact with HSCs through the paracrine functions of PDGF-BB. This study demonstrated that PDGF-BB, derived from HCC cells, drives the proliferation, migration and pro-angiogenic protein expression of HSCs. It was speculated that HCC cells secrete PDGF-BB to promote the migration and accumulation of HSCs within the tumor stroma. The induced proliferation and upregulation of VEGF-A expression in HSCs by HCC cell-derived PDGF-BB may create a pro-angiogenic microenvironment that encourages HCC angiogenesis. This process is beneficial for the proliferation and metastasis of HCC. The data from the present study indirectly supports this hypothesis. Since only in vitro data were obtained in this study, additional studies using experimental models of HCC and samples from patients with advanced liver cirrhosis and HCC should be performed to confirm this hypothesis.
Hypoxia often exists during tumor progression due to the rapid tumor growth rate and relative lack of a blood supply (32) . To study the paracrine interactions between HSCs and HCC cells, the effects of hypoxia on the paracrine signaling of HCC cells was examined. The effects of hypoxia on PDGF-BB expression in HCC cells was studied by culturing HCC cells under hypoxic conditions. The concentration of oxygen in the culture atmosphere was 1% as compared with 20% in normoxia. This system has been widely used to explore the effect of hypoxia on cells (26) . In the present study, evidence was shown supporting that PDGF-BB expression in HCC cells increase with time in hypoxia. Hypoxia is an important regulator of angiogenesis in HCC, but the mechanism has not been fully elucidated. It was found that the expression of VEGF-A in HSCs increased in response to the hypoxia-induced secretion of PDGF-BB by HCC cells. The enhanced VEGF-A expression in HSCs may have an important function in HCC angiogenesis. Future in vivo studies should investigate whether inhibiting PDGF-BB expression in HCC cells, or targeting PDGFR-β in HSCs, will affect HCC angiogenesis and reduce the growth and metastasis of this aggressive tumor.
In conclusion, the results of the present study have demonstrated that PDGF-BB secreted by HCC cells promotes the proliferation, migration and VEGF-A expression of HSCs and that hypoxia can affect the expression of PDGF-BB in HCC cells. The data indicate that there is cross-talk between HCC cells and HSCs and the enhanced expression of VEGF-A may affect HCC angiogenesis. PDGF-BB is an important mediator of this interaction. Although a direct interaction between activated HSCs and HCC cells has not been identified, the shared roles of activated HSCs and HCC cells in tumor progression Figure 6 . Effect of HepG2-derived PDGF-BB on VEGF-A expression in LX-2 cells as determined by western blotting. Conditioned medium collected from HepG2-PDGF cells significantly increased VEGF-A expression in LX-2 cells. In the presence of the PDGF-BB neutralizing antibody, the ability of HepG2-CM to increase VEGF-A expression in LX-2 cells was inhibited. GAPDH was used as a loading control. PDGF, platelet-derived growth factor. suggest a new therapeutic approach of simultaneously targeting tumor cells and activated HSCs to effectively prevent the development of HCC.
